ABSTRACT A single suction electrode catheter was used for His bundle electrogram recording, His bundle pacing, and low-energy (20 or 30 J) His bundle ablation in seven dogs. The suction electrode catheter was actively fixed to the atrial endocardium at the His bundle level. Electrophysiologic studies were performed in the control state, immediately after, and late ( > 40 days) after His bundle ablation and results were correlated with histologic findings in the conduction system. Unipolar His bundle recording and pacing were successfully performed in all dogs with the suction electrode catheter before and after ablation. Complete heart block developed after a single 20 J shock delivered via the suction electrode catheter in all dogs immediately, but reverted to 1: 1 atrioventricular conduction with firstdegree atrioventricular block in two dogs in which one or two additional shocks (20 or 30 J) produced complete heart block. Mean ablation energy per shock was 22 ± 4 J. The mean total delivered energy per dog was 31 ± 20 J. Late electrophysiologic study in all dogs showed persistent complete heart block in five dogs and paroxysmal second-degree or third-degree atrioventricular block in two dogs. Gross examination of the ablation site showed a white plaque above the medial tricuspid leaflet (1.4 to 2.0 cm long and 0.4 to 0.6 cm wide). Microscopically, fibrosis of the penetrating and branching His bundle was seen in all dogs, with minimal atrioventricular node and atrial involvement. Significant proximal right bundle branch fibrosis was observed in the two dogs receiving one or two additional shocks. We conclude that the suction electrode catheter permits repeated His bundle recording, pacing, and ablation with a single catheter. Permanent and safe low-energy ablation of the canine His bundle is feasible. Focal injury localized to the target area in the conduction system can be obtained. Circulation 76, No. 2, 394-403, 1987. TRANSVENOUS CATHETER ABLATION of the atrioventricular (AV) junction is used to interrupt AV conduction experimentally and in patients with refractory supraventricular tachyarrhythmias. 
TRANSVENOUS CATHETER ABLATION of the atrioventricular (AV) junction is used to interrupt AV conduction experimentally and in patients with refractory supraventricular tachyarrhythmias. 1-Current experimental and clinical techniques use high-energy (>250 J) direct-current shocks delivered through floating electrode catheters.45 These methods can produce permanent AV block, but have limited precision because of the floating catheter used. They provide little opportunity to control the location and extent of ablative effects or reduce energy requirements for successful ablation. Permanent pacemaker implantation is usually necessary, and often hitherto active patients become pacemaker dependent. Major complications are encountered when high-energy shocks are delivered in thin-walled structures such as the coronary sinus. Myocardial depression and serious cardiac arrhythmias have also been reported.6 These problems have limited the application of the technique. In this study, we used a specially designed active fixation electrode catheter in an attempt to provide increased precision and reduce energy requirements for ablation of AV conduction. Herein we report the short-and long-term electrophysiologic effects of low-energy (<30 J) direct-current shocks for ablation of the canine AV conduction system with a suction electrode catheter and correlate these with the histologic changes in the AV conduction system. FIGURE 1 . A, The suction ablation catheter has a central lumen with a suction port and two electrodes. There are two perpendicular curves at its distal end. The initial curve places the catheter across the septal leaflet of the tricuspid valve, and the second curve allows perpendicular attachment to the endocardium after application of suction. B,The magnified distal end of the catheter shows the two curves with the distal tip and proximal electrode. The two electrodes are separated by a distance of 15 mm.
Materials and methods
Description of suction electrode catheter (figure 1). The suction electrode catheter used in this study was fabricated by modifying a Cordis torque-controlled No. 7F angiographic catheter that has a central lumen with an end hole ( figure 1, A) . The catheter was modified according to canine right atrial and ventricular anatomy. 9 Modifications introduced were as follows: (1) A distal ring electrode was placed at the catheter tip that could withstand direct-current discharges up to 100 J. This electrode was insulated except for the most distal 0.5 mm segment. (2) A proximal ring electrode was placed 15 mm from the catheter tip. (3) The distal end of the catheter was shaped with curves in two perpendicular planes ( figure 1, B After 40 to 60 days, the dogs underwent repeat electrophysiologic studies to determine the long-term effects of the ablation on AV conduction. At the end of the procedure, the animals were killed with intravenous potassium chloride. The heart was removed and rinsed. It was examined grossly for tricuspid valvular damage, right atrial dilatation, and right ventricular dilatation. After visual inspection, photographs of the gross anatomy were obtained. In four animals, the approaches to the AV node, the AV node, the AV bundle, and the bundle branches were serially sectioned and every fourtieth section was retained. Alternate sections were stained with hematoxylin-eosin and Weigert-van Gieson stains. In this manner 600, 548, 564, and 524 sections were studied in dogs 4, 5, 6 and 7, respectively. Additional regions analyzed included the aortic and tricuspid valves, the central fibrous body, and the summit of the ventricular septum.
Results
A total of 10 direct-current shocks were delivered in the study group. The mean number of shocks delivered was 1.4 ± 0.8 per dog, and the mean energy per shock was 22 ± 4 J. The mean energy delivered per dog was 31 ± 20 J. All animals tolerated the ablation procedure well without sequelae. After ablation, permanent single-chamber ventricular demand pacemakers were implanted in all animals. There was no mortality in the study group during a mean follow-up period of 66 (range 41 The initial 20 J shock produced immediate complete heart block in all animals. This was localized to the His bundle and infra-His system in all dogs. Five animals remained in complete heart block for the rest of the experiment (>60 min), while 1:1 AV conduction re- This resulted in complete heart block that persisted for the duration of the experiment. HBE-E, CIRCULATION AV Wenckebach block in this animal was 800 msec. In the one remaining dog (4) that had developed complete heart block after a single 20 J shock; 1:1 AV conduction resumed with a moderate increase in the AV interval (33 msec) and PR interval (20 msec) from preablation values. The atrial pacing cycle length producing AV Wenckebach block was 300 msec. Right bundle branch aberrancy that had been absent before ablation developed during atrial pacing. Bradycardiadependent second-degree AV block was intermittently observed. Pathology of low-energy suction ablation. In four animals (Nos. 4 to 7), detailed pathologic examination of the canine AV conduction system and adjoining tissues was performed. On gross examination, a whitish plaque was observed situated between the coronary sinus ostium and the tricuspid valve in all animals (table 2) . The plaque typically extended to the tricuspid annulus and medial leaflet and ranged from 1.4 to 2.0 cm in length and from 0.4 to 0.5 cm in width. Figure 3 shows the lesion in dog 5, whose electrophysiologic findings are shown in figure 2. Note the focal lesion above the tricuspid leaflet. The detailed microscopic findings in each dog are shown in table 2. In Correlation of electrophysiologic and histologic effects (table 3) . In these animals, His bundle recordings were 400 obtained after ablation. Intra-Hisian block demonstrated as a proximal His deflection without a distal recording was present in three dogs. In the fourth animal, differentiation from infra-His block was not reliably possible. In all animals severe His bundle deterioration and fibrosis of the penetrating and branching portions was observed, correlating with the electrophysiologic findings. In dog 6, spontaneous right bundle branch block was observed after ablation, and in dog 7, atrial pacing elicited right bundle branch aberrancy. In both animals, severe fibrosis of the proximal right and left bundle branches was observed. Since more than one ablation shock was delivered to achieve AV block in these two dogs, multiple sites of conduction system damage would be expected. However, histologic findings in dogs resuming intermittent AV conduction (4 and 7) and those failing to do so (5 and 6) were similar.
Discussion
Experimental and clinical studies have established the efficacy of catheter ablation of the AV conduction system with high-energy direct-current shocks. '-5, 0 This technique employs a floating electrode catheter for energy delivery. In a significant proportion of patients, multiple high-energy shocks are required to achieve adequate ablation. verely limited the use of the technique for accessory pathway ablation in locations other than the posteroseptal right ventricle due to safety concerns. This is particularly unfortunate since myocardial ablation is more readily achieved in the normal rather than in the diseased ventricle.'2"3 These adverse effects are probably related to the high-pressure shock wave generated by the high-energy direct-current shock. In addition to the shock wave, a light emission and a rise in temperature at the electrode tip have been described.4",5 Temperatures in excess of 17000 C have been reported, which can result in the disruption of platinum electrodes. In some instances, arcing between electrodes with temperatures above 5000°C has been suggested. To minimize these undesirable effects, we examined the feasibility of low-energy transvenous ablation of the AV conduction system using an active fixation catheter. However, we sought to maintain the ability to record and pace from the ablation site without local damage due to the active fixation process. This eliminated the need for a screw-in lead, as has been suggested.8"5"6 Suction electrodes have been used for recording intracardiac electrograms and monophasic action potentials in vitro and in vivo'7`and His bundle pacing has been performed with a floating electrode catheter. Thus, use of a suction electrode for His bundle recording and pacing appeared feasible. In this study, the suction electrode was devised with two curves to remain perpendicular to the recording surface.9 This configuration permitted stable His bundle recordings and pacing in dogs.
Unipolar recordings are usually preferred for localization of the ablation site, and with this suction electrode unipolar electrogram recordings can be obtained directly from a potential ablation site. In addition, verification of electrode location can be obtained by pacing the potential ablation site, e.g., the His bundle. On removal of suction, permanent damage to the underlying myocardium is avoided, since AV conduction is preserved before, during, and after application of suction. Thus, repeated attempts at localization with electrogram recordings for identification of a potential ablation site is feasible. In this respect, reversible active fixation techniques, such as suction may be preferable to screw-in electrodes, such as Helifix electrodes. '5 However, a larger experience will be necessary to evaluate these issues.
This study has demonstrated that low-energy directcurrent shock ablation of the His bundle region is feasible with a suction electrode catheter. In our experience with other ablation energies we noted that low energies (< 100 J) produce myocardial ablation of a magnitude that could be adequate for His bundle ablation. 2 In this report, energies of 30 J or less have been used to achieve ablation. Previous studies with active fixation electrodes for His bundle ablation have used highenergy direct-current shocks, usually in excess of 100 J.l A recent clinical study used medium-energy shocks and floating electrode catheters for AV junctional ablation. In this study, several shocks with total delivered energy ranging from 50 to 170 J were required for AV junctional ablation.20 Furthermore, detailed pathologic correlation has been established.
The lesion size in our experiments was of a magnitude that was suitable for His bundle and accessory pathway ablation. The lesion obtained was focal with destruction localized to the target tissues only. This limited the damage to surrounding structures and permits sparing of ventricular and valvular function. The long-term pathologic effects of the lesion were established in this study. No evidence of thrombosis, widespread ventricular or valvular damage, or myocardial rupture was noted. The lesion healed well and produced a strong and organized scar by the time of sacrifice. The short-term arrhythmogenic effect observed in one dog can be ascribed to improper shock timing. While chronic arrhythmogenicity was not systematically examined, no sudden clinical arrhythmic event was recorded. It is useful to compare the effects on the conduction system of the methods used in this experiment with the effects of electric shock.2'5"6 In general, in this experiment the effects were more localized to the conduction system than those in previous studies. In addition, the myocardium close to the conduction system was less involved in the present experiments. For purposes of modification of AV conduction, use of still lower energy shocks or ablation of other sites in the specialized conduction system such as the AV node should be examined.
Potential role of suction ablation. The successful development of catheter ablation techniques is dependent on three major factors: (1) precise control of the ablation energy, (2) the catheter delivery system, and (3) the nature of the anatomic substrate to be ablated. A variety of different energy sources could be suitable for the ablation procedure, but comparative evaluation of these energy sources is currently limited.2' This report addresses improvements in the catheter energy delivery system. Localization of ablation energy delivery to the target tissues will permit greater precision in catheter ablation techniques and limit adverse effects. The low-energy transvenous suction ablation technique has been applied to the His bundle region in this study. This technique permits repeated recording, pacing, and low-energy shock delivery. It could also be particularly valuable if modification rather than interruption of conduction is sought. We have reported that this is clinically feasible with low-energy pulsed laser energy delivery techniques. 22 We have reported modification of AV nodal conduction by an asynchronous high-energy direct-current shock or pulsed argon laser discharges in patients with intranodal reentrant tachycardia,2223 which obviated the need for permanent pacemaker implantation during follow-up. Combination with alternative energy sources, such as laser energy or radiofrequency current could also be feasible with the suction ablation concept. 1'32126 Further evaluation of this approach is warranted.
The excellent secretarial assistance of Ms. Ruth Harrison in preparation of this manuscript is gratefully acknowledged.
